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Summary 
The mobility (homing) of the yeast mitochondrial DNA 
group II intron al2 occurs via target DNA-primed re- 
verse transcription at a double-strand break in the re- 
cipient DNA. Here, we show that the site-specific DNA 
endonuclease that makes the double-strand break is 
a ribonucleoprotein complex containing the al2- 
encoded reverse transcriptase protein and excised al2 
RNA. Remarkably, the al2 RNA catalyzes cleavage of 
the sense strand of the recipient DNA, while the al2 
protein appears to cleave the antisense strand. The 
RNA-catalyzed sense strand cleavage occurs via a par- 
tial reverse splicing reaction in which the protein com- 
ponent stabilizes the active intron structure and ap- 
pears to confer preference for DNA substrates. Our 
results demonstrate a biologically relevant ribozyme 
reaction with a substrate other than RNA. 
Introduction 
Group II introns are both catalytic RNAs and mobile ge- 
netic elements (Lambowitz and Belfort, 1993). The splicing 
of group II introns occursviaa lariat intermediate, similar to 
the mechanism of spliceosomal introns (Michel and Ferat, 
1995). Some group II introns self-splice in vitro and can 
also carry out related transesterification reactions, includ- 
ing reverse splicing, RNA and DNA ligation, and DNA 
cleavage (Marl et al., 1992; Michel and Ferat, 1995). Mo- 
bile group II introns encode reverse transcriptases (FITS) 
that function in intron mobility and also facilitate RNA splic- 
ing, presumably by promoting the formation of the catalyti- 
cally active structure of the intron RNA (Lambowitz and 
Perlman, 1990; Kennell et al., 1993). If, as is widely be- 
lieved, group II introns are related to the progenitors of 
spliceosomal introns (Michel and Ferat, 1995), the mobility 
processes used by group II introns may be relevant to the 
dispersal of introns in eukaryotic nuclear genomes. 
The best studied mobile group II introns are the yeast 
mitochondrial DNA (mtDNA) introns all and al2 of the 
COXl gene, which encodes subunit I of cytochrome oxi- 
dase. Each of these closely related introns encodes an 
open reading frame (ORF) that is translated in-frame with 
the upstream exon and then processed to give a shorter, 
active protein (82 kDa for a12; Moran et al., 1994). Bio- 
chemical studies showed that the all- and ale-encoded 
proteins are active RTs and that they preferentially reverse 
transcribe the intron RNAs, using eitherthe excised intron 
or unspliced precursor RNA as template (Kennell et al., 
1993). The group II intron RTs also have other conserved 
domains: domain Z upstream of the RTdomain, domain X, 
a putative RNA-binding domain required for RNA splicing 
(maturase) activity, and a C-terminal Zn*+ finger-like re- 
gion (Zn domain) (reviewed by Mohr et al., 1993). The Zn 
domain contains amino acid sequence motifs characteris- 
tic of a family of DNA endonucleases (Gorbalenya, 1994; 
Shub et al., 1994) and recent studies showed that the 
alBencoded protein is, in fact, required for a site-specific 
DNAendonuclease activity that functions in intron mobility 
(Zimmerly et al., 1995). 
Two basic types of mobility have been observed for 
group II introns: homing, a process whereby the intron 
inserts at high frequency at the same site in an intronless 
allele (Meunier et al., 1990; Lazowska et al., 1994; Moran 
et al., 1995), and transposition, a low frequency process 
in which the intron moves to an ectopic site (Mueller et 
al., 1993; Sellem et al., 1993; Schmidt et al., 1994). Re- 
cently, weshowed that the homingof al2occurs by a target 
DNA-primed reverse transcription mechanism analogous 
to that used by a nuclear non-long terminal repeat retro- 
transposon, the Bombyx mori R2Bm element (Zimmerly 
et al., 1995). Mobility is initiated by the alBencoded endo- 
nuclease, which makes a double-strand break in the recipi- 
ent COX7 allele. Cleavage occurs precisely at the intron 
insertion site in the sense strand (i.e., strand correspond- 
ing to the mRNA) and at position +lO of exon 3 of the 
antisense strand. The 3’ OH of the cleaved antisense 
strand is then used as a primer for reverse transcription 
beginning in exon 3 of an unspliced precursor RNA tem- 
plate. The resulting cDNA, which begins in exon 3 and 
extends through the intron into upstream exons, presum- 
ably replaces the recipient sequences by a gap repair pro- 
cess, leading to transfer of the intron with coconversion 
of flanking exon sequences. An alternate, RT-independent 
homing mechanism was inferred from the properties of 
al2 mutants that lack RT activity, but retain the site-specific 
DNAendonuclease activity. These mutants carryout hom- 
ing at a reduced frequency, apparently by a double-strand 
break gap repair mechanism analogous to the homing of 
group I introns (Moran et al., 1995; Zimmerly et al., 1995). 
Finally, the transposition of group II introns to ectopic sites 
has been proposed to occur by reverse splicing of the 
intron to a new RNA location, followed by reverse tran- 
scription and integration of the resulting cDNA into the 
genome (Mueller et al., 1993; Sellem et al., 1993). The RT 
and endonuclease activities of the group II intron-encoded 
proteins could contribute to this process, but such involve- 
ment has not yet been demonstrated. 
Remarkably, the alBencoded DNA endonuclease activ- 
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ity was found to be a ribonucleoprotein (RNP) complex 
containing both the al2 protein and al2 RNA (Zimmerly et 
al., 1995). The activity is sensitive to RNase or protease 
and is inhibited by mutations that affect either the al2 pro- 
tein or the intron RNA. The Zn domain mutant 1°2P714T 
synthesizes active al2 RT and splices al2 normally, but 
is deficient in the DNA endonuclease activity and intron 
mobility. A requirement for al2 RNA was indicated by the 
properties of the mutant 1+2AD5, which has a deletion of 
intron domain V required for splicing activity. This mutant 
also continues to synthesize active al2-encoded RT pro- 
tein, but has no detectable DNA endonuclease activity 
in the absence of the intact intron RNA (Zimmerly et al., 
1995). 
In principle, the catalytic activity of the endonuclease 
could be associated with either the al2-encoded protein 
or the intron RNA (Saldanha et al., 1993; Belfort, 1993). 
The yeast mtDNA group II intron cob-/l (bll) has been 
shown to cleave a single-stranded DNA substrate site spe- 
cifically in vitro. This cleavage occurs via a partial reverse 
splicing reaction that results in the liberation of the S’exon 
and covalent attachment of the intron lariat to the 3’ exon 
(Marl et al., 1992). The finding that the al2 endonuclease 
cleaves the sense strand of the recipient DNA precisely 
at the intron insertion site is consistent with this ribozyme 
activity. On the other hand, since the antisense strand is 
not cleaved at an expected ribozyme site, it is also possible 
that the intron RNA serves as a cofactor for the endonucle- 
ase. An RNA cofactor requirement has been found for the 
site-specific endonuclease activity associated with the RT 
of the Bombyx mori R2Bm element (Luan et al., 1993). 
Here, we show that the al2 endonuclease is a novel 
type of composite enzyme in which the al2 RNA catalyzes 
cleavage of the sense strand of the recipient DNA via a 
partial reverse splicing reaction that, due to the participa- 
tion of the intron-encoded protein, efficiently uses double- 
stranded DNA as asubstrate. The antisense strand cleav- 
age appears to be carried out by the intron-encoded 
protein and is dependent on the highly conserved portion 
of theZn domain with similarity to afamilyof endonucleases. 
Results 
Sense Strand DNA Cleavage Is Accompanied by 
Attachment of RNA to the Target DNA 
The al2 endonuclease activity was previously assayed 
with polymerase chain reaction (PCR)-generated DNA 
substrates that contained the intron insertion site (E2-E3 
junction) and were 5’ end labeled to detect cleavage of 
each DNA strand separately (Zimmerly et al., 1995). To 
test whether the sense strand cleavage involves reverse 
splicing of al2 RNA into the DNA, we used an internally 
labeled substrate, so that all the cleavage products could 
be detected. As diagrammed in Figure lC, the first step 
of reverse splicing would ligate al2 lariat RNA to the 3 
exon fragment of the sense strand DNA, whereas com- 
plete reverse splicing would insert the linear intron RNA 
between the 5’ and 3’ DNA exons. 
Figure 1A shows a time course of the endonuclease 
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Figure 1. Cleavage of the Sense Strand DNA Is Accompanied by At- 
tachment of RNA to the 3’ Exon Fragment 
(A) A 15-fold scaled-up endonuclease reaction (150 ul) was carried 
out using 1+2+ mtRNP particles and a 141 bp internally labeled DNA 
substrate containing the E2-E3 junction. At the indicated times, 20 
ul portions were removed, and the reaction wasterminated by phenol- 
CIA extraction. One half was not treated further (lanes l-7), while the 
other half was digested with RNase A (lanes 8-14). Products were 
analyzed in adenaturing 6% polyacrylamide gel, alongside asequenc- 
ing ladder generated from pE2E3 using the S’end-labeled primer KS. 
The light band above the 69 nt product could reflect heterogeneity in 
the substrate or nibbling of one of the products. 
(B) plots the amounts of products as a function of time based on phos- 
phorimaging of the gel in (A). 
(C) shows the products expected for partial and complete reverse 
splicing of al2 into the DNA substrate. 
reaction using a 141 bp internally labeled substrate and 
mtRNP particles from the wild-type 1+2+ strain (see Experi- 
mental Procedures). The cleavage products were either 
untreated or treated with RNase A and then analyzed in 
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a denaturing 6% polyacrylamide gel. Without the RNase 
A treatment, only three products were detected, and these 
correspond to the 5’ and 3’ fragments of the antisense 
strand (69 nt and 72 nt) and the 5’ fragment of the sense 
strand (63 nt; see Figure 1C). The missing 78 nt product, 
corresponding to the 3’ sense strand fragment, was de- 
tected only after treatment with RNase A (Figure 1A) or 
alkali (data not shown), suggesting the attachment of a 
large RNA. The assignment of the product bands wasveri- 
fied separately by using 5’ end-labeled substrates and 
substrates cleaved with different restriction enzymes to 
vary the product sizes (data not shown). Quantitation of the 
data in Figure 1 A showed that the sense strand products 
appeared more rapidly than the antisense strand products 
in the first I-5 min of the reaction, but that there was 
ultimately some excess of antisense strand products (Fig- 
ure 1 B). The more rapid appearance of sense strand prod- 
ucts, which was observed in four independent experi- 
ments, suggests that there may be a preferred order of 
strand cleavage. Incubations longer than 30 min gave little 
additional cleavage of either DNAstrand and did not result 
in preferential loss of the sense strand products (data not 
shown). 
Identification and Characterization of Reverse 
Spliced Products 
To detect the RNA-DNA species produced by reverse 
splicing directly, the cleavage products were denatured 
with glyoxal and analyzed in a 1% agarose gel. This and 
subsequent experiments used a 142 bp DNA substrate 
that has slightly different ends than the substrate in Figure 
1 (see Experimental Procedures). Figure 2A shows that 
the agarose gel resolved two closely spaced bands of 2.5- 
2.7 kb that disappeared after RNase A or alkali treatment 
(lanes l-4). The products are the size expected for the 
attachment of the 2.5 kb al2 RNA to the labeled DNA 
substrate, and we confirmed by oligonucleotide-directed 
RNase H digestion that both contain al2 RNA (data not 
shown). The finding that the RNA-DNA species with- 
stands denaturation with glyoxal indicates a covalent link- 
age. As expected, the products were sensitive to S, 
nuclease, which digests single-stranded nucleic acids, 
and DNase I, which digests the labeled exon DNA(Figure 
2A, lanes 5 and 6). Control experiments to confirm that 
the reaction occurred with double-stranded DNA showed 
that S nuclease treatment of the substrate did not affect 
the reaction and that the rate and extent of reaction were 
the same with a 549 bp substrate (data not shown). Opti- 
mal conditions for the putative reverse splicing reaction 
were 100 mM KCI, lo-20 mM MgClz at pH 6.5-8.5 and 
30°C-37°C. At 5 mM MgCl*, which is close to physiologi- 
cal conditions, the reaction occurred at - 25% of the maxi- 
mal rate (data not shown). 
To characterize the products further, reverse splicing 
reactions were carried out with DNA substrates that were 
separately end labeled at each of the four termini. Figure 
28 shows that the two closely spaced product bands were 
detected only with substrate labeled at the 3’ end of the 
sense strand. This finding suggests that both bands result 
from the first step of reverse splicing, the ligation of intron 
lariat to the sense strand S’exon fragment. In darker expo- 
sures, the substrate labeled at the 5’ end of the sense 
strand showed a very light band that could correspond to 
a small amount of fully reverse spliced product. However, 
RT-PCR experiments could not confirm the presence of 
the expected E2-al2 junction, and it is possible that this 
5’ end-labeled product is generated by some other type 
of ligation reaction, as reported for the reaction of yeast 
bll RNA with DNA substrates (Marl et al., 1992). 
The most likely explanation for the two major product 
B c %, Figure 2. Characterization of the Products of 1: al2 Reverse Solicina into DNA 
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(6) Reverse splicing reactions with 5’or S’end- 
labeled DNA substrates. Reactions used 150,000 cpm of each substrate, corresponding to 250 fmol of 5’ end-labeled substrates and 200 fmol 
of 3’ end-labeled substrates. The products were analyzed as in (A). 
(C) Polyacrylamide gel analysis of reverse spliced products. Reverse splicing reactions were carried out with the 142 bp internally labeled DNA 
substrate, and the products were analyzed in a denaturing 3.5% polyacrylamide gel (39:l acrylamide:bisacrylamide) alongside al2 lariat RNA 
generated from in vitro transcript pJVMWBstEll. Lane 1, pJVMWBstEll precursor RNA; lane 2, self-spliced pJVMWBstEll precursor RNA; lanes 
3 and 4, reverse splicing reactions with 1+2+ and l”2+’ (1’27 mtRNP particles; lane 5, control reaction with 1+‘2O (I+24 mtRNP particles. 
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bands is that they contain two different forms of a12 lariat 
RNA linked to the 3’ exon fragment. Northern blot hybrid- 
izations using denaturing polyacrylamide gels resolved at 
least two different forms of al2 lariat present initially in the 
mtRNP particle preparations (data not shown) and electro- 
phoresis in the same gels showed that both reverse spliced 
products migrate in the lariat range (Figure 2C; the gel 
also shows a light band that migrates near the precursor 
RNA band and may contain broken lariat or linear intron 
RNA). The two forms of al2 lariat could reflect some modifi- 
cation of the intron RNA or multiple branching reactions 
(e.g., Hebbar et al., 1992). The production of little if any 
fully reverse spliced product is similar to the reaction of 
the yeast bll RNA with single-stranded DNA, where only 
the first step of reverse splicing was observed in vitro (M&l 
et al., 1992). 
Reverse Splicing into DNA Requires Both 
al2 Protein and al2 RNA 
Figure 3 shows reverse splicing reactions carried out with 
mtRNP particles from yeast strains that contain or lack 
a12, or have mutations in the al2 protein or RNA (see sche- 
matic). As expected, reverse spliced products were seen 
with mtRNP particles from the wild-type strains 1+2+ and 
l”2+‘, but not from strains 1+‘2O and l”20, which lack a12. 
mtRNP particles from the mutant 1°2AD5, which lacks intron 
domain V required for splicing, showed no detectable re- 
verse splicing. Similarly, reverse splicing was not detected 
with mtRNP particles from two strains that have point mu- 
tations in domain V (1°2G3A and 1°2G3U; G at position 3 of 
domain V changed to A or U; data not shown). These 
point mutations inhibit but do not completely block forward 
splicing, and they completely block al2 mobility (Eskes et 
al., unpublished data). 
Among the al2 protein mutants, reverse splicing was 
not detected with mtRNP particles from 1o2x4, which has 
missense mutations in the putative maturase domain X. 
This mutant is deficient in the splicing of al2 in vivo (- 30% 
wild-type levels of mRNA and excised intron) and shows 
no detectable al2 mobility(Eskeset al., unpublished data). 
mtRNP particles from 1°2YAHH, which has the mutation 
YADD*YAHH in the RT domain of the al2 protein, and 
1°2p7’4T, which has a missense mutation in the N-terminal 
portion of the Zn domain, yielded reduced amounts of 
products, which correlate with the reduced sense strand 
cleavage activities found in those strains (Zimmerly et al., 
1995). Both mutants splice al2 normally in vivo, but are 
deficient in al2 mobility (Moran et al., 1994, 1995). Finally, 
mtRNP particles from the mutant 1°2A2”, which has a trun- 
cation completely removing the Zn domain, gave no de- 
tectable reverse spliced product. This mutant also splices 
al2 normally in vivo, despite the removal of the Zn domain, 
but is completely deficient in al2 mobility (Eskes et al., 
unpublished data). 
Together, the above findings show that both the al2- 
encoded protein and al2 RNA are required for the reverse 
splicing reaction into DNA. Further, they suggest that the 
reaction requires both the maturase activity of the al2 pro- 
tein and at least one additional function revealed by the 
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Figure 3. Reverse Splicing Reactions with mtRNP Particles from Differ- 
ent Yeast Strains 
Reverse splicing reactions were carried out with the 142 bp uniformly 
labeled DNA substrata, and products were denatured with glyoxal and 
analyzed in a 1% agarose gel. The first lane shows substrate incubated 
without mtRNP particles. Strains were 1+2+ (wild-type 161), i02+‘(i02+), 
1+‘2’ (1+2’), 1°20, 1°2YAHH (YAHH), 1°2P7’4T (P714T), 1°2Azn (AZn), 1°2A05 
(AD5), and 102x4 (X4). Positions of size markers (in kilobases) are 
shown to the left. The schematic shows the location of the mutations 
for strains in this experiment and Figure 6. The Zn domain is divided 
into conserved (closed) and less conserved (hatched) regions. 
deficiency of the activity in the mutants 1 02A*n, 1°2YAHH, and 
1°2p7’4T, which are not defective in RNA splicing. 
Protein Facilitates Reverse Splicing and Enhances 
Use of DNA Substrates 
Previously described in vitro reactions of group II intron 
RNAs required extreme conditions, including high salt and 
Mg*+ concentrations or nonphysiological temperatures 
(Michel and Ferat, 1995). For example, the reverse splic- 
ing of the yeast bll intron into single-stranded DNA was 
carried out in 0.5 M (NH&SO& and 240 mM MgSO, for 
l-4 hr at 30% (M&l et al., 1992). The ability of al2 RNA 
in RNP particles to reverse splice under comparatively mild 
conditions (100 mM KCI, 5-20 mM MgC12 at 37%) presum- 
ably reflects that the RNA-catalyzed reaction is facilitated 
by proteins. To assess directly the protein contribution, 
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we compared the reaction of al2 RNA in RNP particles with 
that of deproteinized RNA isolated from the RNP particles. 
Three different substrates were used: double-stranded 
DNA (a 71 bp internally labeled DNA comprised of exons 
2 and 3) single-stranded DNA (a 3’ end-labeled 71-mer 
corresponding to the sense strand of the double-stranded 
DNA), and sense strand RNA (an internally labeled 142 
nt transcript containing exons 2 and 3). The substrates 
were incubated with either 1+2+ mtRNP particles or with 
RNA isolated from the RNP particles, and the products 
were analyzed by agarose gel electrophoresis. 
Figure 4 shows that in the standard reaction medium 
containing 100 mM KCI and 20 mM MgC12 at 37W, the 
RNP particles utilized the double- or single-stranded DNA 
substrates(lanes4and5) but gavemuchsmalleramounts 
of product with the RNA substrate (lane 6). Time course 
experimentsshowed that the relative ratesof reversesplic- 
ing under these conditions were 32:62:1 for the double- 
stranded DNA, single-stranded DNA, and RNAsubstrates, 
respectively (data not shown). By contrast, when proteins 
RNP RNA 
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Figure 4. Comparison of Reverse Splicing of al2 RNA in RNP Particles 
with the RNA Self-Catalyzed Reaction 
Reverse splicing reactions were carried out by incubating 0.025 OD250 
units of 1+2+ mtRNP particles or RNA extracted from the RNP particles 
with 75 fmol double-stranded DNA (141,000 cpm), single-stranded 
DNA (68,000 cpm), or RNA (164,000 cpm) substrates containing the 
E2-E3 junction. Reactions were either in the standard reaction me- 
dium containing 100 mM KCI and 20 mM MgCI, for 20 min at 37% 
(denoted 20 mM MgZ+) or in the same reaction medium supplemented 
to 100 mM MgCl* for 1 hr at 37°C (denoted 100 mM Mg2+). The specific 
activities of the different substrates were adjusted to contain equal 
amounts of label in the 3’ exon of the sense strand. Products were 
glyoxalated and analyzed in a 1% agarose gel. Lanes l-3 show sub- 
strates without incubation. The gel-purified RNA substrate contains a 
minor band migrating above the bulk of the substrate. The 1.8 kb 
product in lanes 9 and 15 could reflect ligation or reverse splicing of a 
shortened form of al2 RNA or some other RNA in the mtRNP particles. 
Positions of size markers (in kilobases) are shown to the right. 
were removed from the RNP particles by phenol extraction 
(Figure 4, lanes 10-12) or protease treatment (data not 
shown), reverse splicing into the DNA substrates was not 
detectable, although a very small amount of product was 
still obtained with the RNA substrate (visible in darker ex-’ 
posures of lane 12). 
In reaction medium supplemented to 100 mM Mg*+, both 
the RNP particles and the isolated RNA showed increased 
reverse splicing into the RNA substrate (Figure 4, lanes 
9 and 15), but no detectable reverse splicing into the DNA 
substrate (lanes 7, 8, 13, and 14). A derivative of al2 lariat 
RNA generated from in vitro transcript pSZDl/BstEll (see 
Experimental Procedures) showed a similar inability to re- 
verse splice into DNA under the mild conditions and a 
strong preference for RNA over DNA substrate in reaction 
medium containing 100 mM Mg”or under other conditions 
optimized for the RNA self-catalyzed reaction of that RNA 
(1 M NH&I, 100 mM MgCL, 40 mM Tris-HCI [pH 7.51, 
45% for 1 hr; data not shown). 
Together, the above results indicate that the RNA self- 
catalyzed and protein-assisted reverse splicing reactions 
have distinct ionic requirements and substrate prefer- 
ences. The RNA self-catalyzed reaction prefers an RNA 
substrate and requires high Mg’+, whereas the protein- 
assisted reaction proceeds best with DNA substrates and 
under mild conditions. The different substrate specificity 
of the RNP-mediated reaction suggests that the protein 
not only stabilizes the active RNA structure, but also 
changes the substrate preference to DNA over RNA. 
Target Site Specificity 
Group II introns contain short sequences (EBSl and 
EBS2) that base pair with 5’ exon sequences (IBSl and 
IBS2) to specify the 5’splice site (Michel and Ferat, 1995). 
Studies of reverse splicing of the yeast bll intron into RNA 
indicated that the target specificity is governed primarily by 
the EBSl-IBSl interaction (Marl and Schmelzer, 1990a, 
1990b). The target site requirements for the RNP- 
mediated reverse splicing reaction were investigated by 
testing aseries of DNAsubstrates with alterations in exons 
2 or 3. Figure 5 shows that reverse splicing occurred with 
the standard E2-E3 substrate, but not with the substrate 
KS, which contains vector sequences without the E2-E3 
insert (lanes l-4). Consistent with the involvement of the 
exon 2 IBS sequences, a substrate containing the E2- 
al2 junction from a COX7 donor allele still gave reverse 
splicing, although at a reduced level (10% and 47% that 
of the wild-type E2-E3 substrate in two experiments), 
whereas a substrate containing the al2-E3 junction gave 
no detectable reaction (Figure 5, lanes 5-8). In polyacryl- 
amide gel assays, like those in Figure 1, the level of sense 
strand cleavage of the E2-al2 substrate was below the 
limit of detection, and this substrate also showed no de- 
tectable antisense strand cleavage (data not shown). 
The remaining substrates also gave results consistent 
with the involvement of the IBS sequences, but clearly 
showed that additional sequences, including some in exon 
3, are required for maximal reaction. Thus, a substrate 
deleted for exon 2 and lacking the IBS sequences gave 
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Figure 5. Target Specificity of the al2 Reverse Splicing Reaction 
Reverse splicing reactions were carried out with various internally la- 
beled DNA substrates. Reactions in lanes 1-18 used 1+2+ mtRNP 
particles, while reactions in lanes 19-22 used i02+’ mtRNP particles to 
avoid interference from all. Products were glyoxalated and analyzed in 
a 1% agarose gel. Lanes show incubations without (minus) or with 
(plus) mtRNP particles. Positions of size markers (in kilobases) are 
shown to the left. Schematics show DNA substrates (not drawn to 
scale). 
no detectable reverse splicing reaction (Figure 5, lane 22), 
and a mutant E2-E3 substrate, which contains a 4 bp 
substitution in IBSl, showed greatly reduced reaction 
(<7% wild type; lane 10). However, substrates deleted for 
exon 3 or having a 10 bp insertion between exons 2 and 
3 also showed greatly reduced reactivity (<20% and <5% 
wild type, respectively), even though the IBS sequences in 
exon 2 were unaltered (Figure 5, lanes 15-18). Moreover, 
substrates in which IBSl-IBS2 (TTAATAATTTTCT) or 
IBSl (TTTTCT) were moved to a different context in an 
unrelated sequence from the Neurospora cyf-78 gene 
(lanes 11-14) showed at best greatly reduced reaction 
(- 1% that of wild-type substrate in some experiments). 
For each of the above substrates, polyacrylamide gel 
assays showed little or no sense strand cleavage, consis- 
tent with the decreased levels of reverse splicing, and no 
detectable antisense strand cleavage (data not shown). 
The finding that the reverse splicing reaction with RNP 
particles requires sequences beyond the IBS sequences 
presumably reflects that the protein component plays a 
role in binding the DNA target site. 
The Nuclease-like Motifs in the Zn Domain 
of the al2 Protein Are Required for Antisense 
Strand Cleavage 
To investigate the role of the alBencoded protein further, 
we assayed both sense and antisense strand cleavage in 
mutants having alterations affecting the conserved motifs 
in the Zn domain. Mutants constructed by site-directed 
mutagenesis and mitochondrial transformation included 
two strains with truncations that remove either the entire 
Zn domain (1 02hZn) or just the C-terminal portion containing 
the most conserved sequence motifs (1°2AConZn), as well 
as strains with missense mutations in each of the Zn2+ 
finger-like motifs (1°2cc’1 and 1°2c”‘z) or the HHVR motif 
characteristic of DNA endonucleases (1 02HHVR; see sche- 
matic in Figure 3). All these mutants are totally blocked in 
al2 mobility. However, they contain substantially wild-type 
levels of al2 protein in mtRNP particles and splice al2 
normally in vivo, indicating that the maturase function of 
the al2 protein is intact (Eskes et al., unpublished data). 
For DNA endonuclease assays, mtRNP particles from 
the different strains were incubated with DNA substrates 
that were 5’ end labeled in either the sense or antisense 
strand, and the cleavage products for each strand were 
analyzed in denaturing polyacrylamide gels. As shown in 
Figure 6, the wild-type 1+2+ and 1 O2+’ mtRNP particles gave 
the expected products resulting from cleavage of the 
sense strand at the E2-E3 junction and the antisense 
strand at position +lO of exon 3. In agreement with previ- 
ous results, mtRNP particles from the 1+‘2O and l”20 
strains, which lack a12, showed no detectable cleavage 
of either DNA strand, and mtRNP particles from 1°2P714T, 
which has a mutation in the N-terminal portion of the Zn 
domain, showed greatly reduced cleavage of both DNA 
strands (Zimmerly et al., 1995). Among the recently con- 
structed mutants, 1°2A2n showed no detectable sense 
strand cleavage, as expected from the lack of reverse 
splicing of al2 into the DNA substrate (see Figure 3), and 
it also showed no detectable antisense strand cleavage. 
By contrast, the mutant 1°2HHVR, which has alterations in 
one of the putative endonuclease motifs, showed wild-type 
levels of sense strand cleavage, but no detectable anti- 
sense strand cleavage. Likewise, 1°2AConZn, which has a 
truncation removing just the C-terminal portion of the Zn 
domain, and 1°2cc’1 and 1°2c-c’2, which have mutations in 
the Znz+ finger-like motifs, all showed sense strand cleav- 
age, but no detectable antisense strand cleavage. For 
each mutant, we verified that the level of sense strand 
cleavage was proportional to the amount of reverse 
spliced products detected in agarose gels (data not 
shown). Considered together with the presence of the con- 
served nuclease-like motifs, these findings suggest that 
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Sense strand Antisense strand Figure 6. Mutations in the Zn Domain Block 
Antisense but Not Sense Strand Cleavage 
DNA endonuclease assays were carried out by 
gy,“K$ incubating mtRNP particles with the 142 bp 
+N+N~w~N r 0 0 > 0 = 
G A T C+,O,+.-~, k 6; $ 2 2 
DNA substrate, 5’ end-labeled on either the 
sense or antisense strand. Products were ana- 
lyzed in a denaturing 6% polyacrylamide gel, 
alongside sequencing ladders generated from 
pE2E3 with 5’ end-labeled primers SK or KS. 
Strains were 1’2’ (wild-type 161) 102+’ (1’2+), 
1+‘2o (1’20) 1020, 102P”~T (P714T), 102c-c” (C-C/ 
l), i02c-c’2 (C-C/2), 1°2HHVR (HHVR), 1D2Ac0”z” 
(AConZn), and 1°2Az” (AZn). Mutations in the 
al2 protein are shown schematically in Figure 3. 
the C-terminal portion of the Zn domain contributes the 
endonuclease activity required for antisense strand 
cleavage. 
Discussion 
Our results show that the al2 endonuclease is a novel type 
of composite enzyme containing both the excised al2 RNA 
and the al2-encoded protein. The al2 RNA stabilized by 
the protein cleaves the sense strand of the recipient DNA 
via a partial reverse splicing reaction, while the al2- 
encoded protein appears to cleave the antisense strand. 
In contrast to previously described reactions of group II 
intron RNAs, the RNP-mediated reverse splicing of al2 
does not require extreme ionic conditions or temperature, 
and it occurs with double-stranded DNA, which was 
thought to be inaccessible to ribozymes (see Marl et al., 
1992). In addition to the implications for group II intron 
mobility (see below), our results demonstrate a ribozyme 
adapted to carry out a biologically relevant reaction with 
a substrate other than RNA. 
The conclusion that the sense strand DNA cleavage is 
RNA catalyzed is based on three findings: the 3’ exon 
fragments generated in the reaction contain covalently 
linked al2 lariat RNA; the products have the same struc- 
ture as those arising from the RNA-catalyzed reverse splic- 
ing of the yeast bll RNA into single-stranded DNA (Marl 
et al., 1992); the reaction is inhibited by adeletion or point 
mutations in intron domain V, which is required for splicing 
activity. The finding that there is little if any completely 
reverse spliced product, i.e., al2 RNA integrated between 
the two DNA exons, is similar to that for the reaction of 
bll RNA with single-stranded DNA, where the first but not 
the second step of reverse splicing was observed in vitro 
(M&l et al., 1992). As in that case, the inefficiency of the 
second step could reflect its dependence on 2’OHs in the 
5’ exon, or that a required component is missing in vitro. 
Although reverse splicing is RNA catalyzed, the ability 
of al2 to reverse splice into double-stranded DNA under 
mild conditions is conferred by its association with protein 
components in RNP particles. Thus, the reaction was abol- 
ished when proteins were removed from the RNP particles 
by phenol extraction or protease digestion. The specific 
involvement of the al2 protein is indicated by the analysis 
of mutants (Figure 3). Significantly, the reverse splicing 
reaction was completely inhibited both by a mutation in 
the putative maturase domain that inhibits the splicing 
(maturase)activityofthea12protein(1°2X4)and byatrunca- 
tion that removes the Zn domain, but does not inhibit ma- 
turase activity (1°2Az”). These findings suggest that at least 
two different functions of the al2 protein may be involved. 
One function, expected for the maturase activity of the al2 
protein, presumably involves stabilizing the catalytically 
active structure of the intron RNA. In addition, comparison 
of the RNP-mediated and RNA self-catalyzed reactions 
with different substrates (Figure 4) suggests that the pro- 
tein component changes the substrate specificity, so that 
reverse splicing occurs preferentially into DNA rather than 
RNA. The altered substrate specificity likely reflects that 
a second function of the protein involves binding the target 
DNA (see below). 
Remarkably, while the al2 RNA catalyzes sense strand 
cleavage, the al2 protein appears to catalyze cleavage 
of the antisense strand. This conclusion is based on the 
finding that the C-terminal portion of the Zn domain con- 
tains amino acid sequence motifs characteristic of a family 
of DNA endonucleases (Gorbalenya, 1994; Shub et al., 
1994) and that mutations in these motifs do not block 
sense strand cleavage, but completely inhibit antisense 
strand cleavage (Figure 6). In addition, the antisense 
strand cleavage does not occur at a site expected for any 
known group II intron ribozyme activity, and the cleavage 
products do not contain covalently linked RNA. We note 
that al2 RNA was also found to be required for antisense 
strand cleavage (Zimmerly et al., 1995). In this case, how- 
ever, the RNA requirement presumably indicates either 
that the RNA-catalyzed sense strand cleavage must occur 
first or that the RNA acts as a cofactor to stabilize the 
catalytically active structure of the al2 protein. The finding 
that a truncation removing the entire Zn domain (1°2Azn) 
inhibits both sense and antisense strand cleavage, while 
a truncation removing just the C-terminal portion (1°2ACanZn) 
specifically inhibits antisense strand cleavage suggests 
that the Zn domain consists of at least two functionally 
distinct regions. 
Studies with the yeast group II intron bll suggested 
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that the specificity of reverse splicing into RNA is dictated 
primarily by the EBSl-IBSl pairing between intron se- 
quences and sequences in the 5’ exon (M&l and 
Schmelzer, 1990a, 1990b). Our findings with modified 
DNA targets are consistent with the possibility that the 
IBS sequences play a similar role in the reverse splicing 
of al2 into double-stranded DNA, but show that additional 
sequences, including some in exon 3, are also involved. 
An intriguing possibility is that the different parts of the 
target site are recognized by the RNA and protein compo- 
nents of the endonuclease. Thus, the al2 RNA may recog- 
nize the IBS sequences in exon 2, positioning the RNA 
to cleave the sense strand at the intron insertion site, 
whereas the al2 protein may recognize sequences in exon 
3, where it catalyzes the antisense strand cleavage at posi- 
tion +lO. Although our results do not distinguish whether 
the IBS sequences are recognized by the al2 RNA or pro- 
tein, recognition by the RNA is suggested by the precise 
cleavage at the intron insertion site. In principle, RNA rec- 
ognition of the IBS sequences in double-stranded DNA 
could involve either triplex formation or strand displace- 
ment, perhaps facilitated by the protein. Dual recognition 
of the target site by the RNA and protein components may 
limit promiscuous cutting of genomic DNA by this type of 
intron-encoded endonuclease. 
The ability of a group II intron RNA to insert directly into 
double-stranded DNA has implications for intron mobility 
mechanisms. The two previously described mechanisms 
for group II intron homing are shown in Figures 7A and 
7B. In the first, target DNA-primed reverse transcription, 
the 3’ end of the antisense strand cleaved in exon 3 is 
used as a primer for reverse transcription beginning in 
exon 3 of unspliced precursor RNA. The resulting cDNA 
replaces the corresponding portion of the recipient DNA, 
leading to coconversion of the intron with the flanking exon 
sequences. In the RT-independent mechanism, the al2- 
encoded DNA endonuclease by itself promotes mobility 
by a double-strand break gap repair process similar to 
that used by mobile group I introns (Moran et al., 1995; 
Zimmerly et al., 1995). 
The demonstration that al2 can integrate into double- 
stranded DNA by reverse splicing suggests additional 
mechanisms involving partial or complete reverse splic- 
ing. In one case (Figure 7C), DNA synthesis primed by 
the Blend of the cleaved antisense strand would begin by 
copying the S’overhang of exon 3 DNA and then continue 
to the branch point of the inserted lariat RNA. The RT 
could then either reverse transcribe through the branch 
point or template switch to unspliced pre-mRNA and con- 
tinue into upstream exons. In the latter case, integration 
of the resulting cDNA by a gap repair process would result 
in coconversion of 5’ but not 3’ exon sequences. In addi- 
tion, the possibility remains that complete reverse splicing 
occurs in vivo. The integrated intron RNA could then be 
used as a template for DNA synthesis primed by the 
cleaved antisense strand (Figure 7D). Such a mechanism 
would not result in coconversion of exon sequences and 
would be genetically indistinguishable from reverse splic- 
ing into recipient RNA followed by reverse transcription 
B 5’--L 
a12 RNA lariat 
5’E2 E3 3, 
3’ 5 
C al2 RNA lariat 
5’ E2 
D al2 RNA 
cDNA 
Figure 7. Possible Mechanisms of Group II lntron Mobility 
(A) Target DNA-primed reverse transcription. 
(B) Double-strand break leading to mobility via a double-strand break 
repair mechanism. 
(C) Partial reverse splicing followed by reverse transcription of inserted 
intron lariat. 
(D) Complete reverse splicing followed by reverse transcription of the 
inserted intron RNA. 
and cDNA integration by homologous recombination. Fi- 
nally, the transposition of group II introns to ectopic sites 
could also occur via partial or complete reverse splicing 
into genomic DNA at new sites that have a cognate of the 
IBS sequences. Although such mechanisms were pre- 
viously thought to require single-stranded DNA at a repli- 
cation fork (M&l et al., 1992), our findings show that this 
is not the case and raise the possibility that direct integra- 
tion of group II intron RNAs into DNA may be more preva- 
lent than was previously believed. 
In principle, other types of introns, including nuclear 
pre-mRNA introns, might also home, transpose, or func- 
tion as site-specific DNA endonucleases by reverse splic- 
ing into DNA, perhaps facilitated by appropriate protein 
partners present in their host cells. We also note that the 
al2 RNP endonuclease could be the forerunner of a novel 
class of site-specific DNA endonucleases, whose specific- 
ity might be changed by modifying the RNA component. 
Further, since DNA cleavage is accompanied by insertion 
of the RNA, the RNA component might potentially be al- 
tered to introduce genetic information at defined sites in 
DNA genomes. 
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Experimental Procedures 
Yeast Strains and Growth Conditions 
The yeast strains used in this study are derivatives of wild-type ID41 -6/ 
161 MATa adel lysl (denoted 161), which contains both all and a12. 
The intron composition of different strains is denoted by a convention 
in which a superscript plus indicates the presence of wild-type all or 
al2, a superscript zero indicates the absence of an intron, and other 
superscripts refer to specific alleles, i02+‘, 1+‘2O, 1°2”“kH, and 1°2p7i4T 
are described by Kennel1 et al. (1993) or Moran et al. (1995). 102Ao5 
contains an al2 allele with a deletion of intron domain V identical to 
that in the previously described strain 1+2AD5(Moran et al., 1995; Eskes 
et al., unpublished data). I”20 (Gil-0) contains no group II introns and 
was the recipient strain used to test al2 homing in crosses (Moran et 
al., 1995). 
Mutants 102x4, 1°2Az”, 1°2Aco”z”, 1°2CE”, 1°2cc’*, and 1°2nn”n were 
derived from 102+’ by biolistic transformation (Eskes et al., unpublished 
data). Mutant alleles were constructed by site-directed mutagenesis 
of pJVMl64, which contains an Mspl-BamHI fragment extending from 
217 nt upstream of El through al3 of the 102+’ COX7 allele (Moran 
et al., 1995). Procedures for mitochondrial transformation and strain 
construction were as described by Moran et al. (1995). Amino acid 
changes in the mutants are diagrammed in Figure 3. 
Preparation of Mitochondria and mtFlNP Particles 
Yeast strains for mitochondrial preparations ware grown in liquid cul- 
ture with 2% raffinose, and mitochondria and mtRNP particles were 
isolated as described (Kennell et al., 1993), except that the RNP par- 
ticles were resuspended in 10 mM Tris-HCI (pH 8.0), 1 mM dithiothrei- 
tol (DTT). 
Oligonucleotides 
Oligonucleotides used in this study were the following: al2A7, 5’- 
CGGTAAAGTTTTCATTAATTGAATAAACAG; al2D6,5’-AGGGCTCT- 
TTTATATGAATGTTATTAC; al3-62, 5’-TTATATTCTTTATTTTCTAT- 
TACTTG; cytl8-AS-IBSl , 5’AATCTGCATCTGAACTCCCTGCTGG- 
TAGAAAA; cytl8-IBSl , 5’-GCTGGGATTGGlTCGAGTllTCT: cytl8- 
IBSl-IBS2, 5’-GCTGGGATTGGTTCGAGTTAATGATTTTCT; ElJY, 
5’-TAATCATTAGATTAGAATTAGCTGCACCTG; E2-10, 5’ TrTTAG- 
TAGCTGGTCATGCTGTATTAATAATTTTCTCAGCGACC AG; E2E3, 
5’-TTTTAGTAGCTGGTCATGCTGTATTAATAATT-TTCTTCTTAGTA- 
ATGCCTGCTTTAATAGGAGGTTTTGGT; E2-Gil-0, 5’-TTTTAGTAG- 
CTGGTCATGCTGTATT; E3-10,5’-ACCAAAACCTCCTATTAAAGCA- 
GGCATTACTAAGACTGGTCGCTG; E3-Gil-0, S’-ACCAAAACCTCC- 
TATTAAAGCAGGC; FOR, GTAAAACGACGGCCAGT; HG3,5’CAA- 
AAGCTGGGTACCGGGCCCCCCC; KS, 5’-TCGAGGTCGACGGT- 
ATC; SK, 5’CGCTCTAGAACTAGTGGATC; T7, 5’GTAATACGACT- 
CACTATAGGGC. 
Recombinant Plasmids 
pE2E3 contains a 71 bp insert consisting of COX7 exons 2 and 3 from 
strain Gil-O, cloned in pBluescript KS(+) (Stratagene, La Jolla, CA) 
(Zimmerly et al., 1995). 
pJVM4 and pSZD1 were used to synthesize in vitro transcripts con- 
taining al2 for forward and reverse splicing. pJVM4 was described by 
Kennell et al. (1993). pSZD1 was derived from pJVM4 by deleting 1.55 
kb of the al2 ORF (Zimmerly et al., 1995). 
pJVM161 contains a 2.4 kb Mspl-BamHI fragment of the Gil-0 
COX7 allele, extending from - 700 bp upstream of the AUG of exon 
1 to the end of a13, cloned between the Clal and BamHl sites of pBlue- 
script KS(+). 
pJVMlGi/E2-ibsl-I was derived from pJVM161 by site-directed 
mutagenesis to change four bases of IBSI (exon 2 positions 33-36) 
from 5’TTCT to 5’-AAGA. 
pJVMlGlIAE2 and pJVM161/AE3 were derived from pJVM161 by 
site-directed mutagenesis to delete exons 2 and 3, respectively. 
pJVMlGlIAE3 also contains a 1.9 kb segment of COXZ inserted at 
another site in the polylinker. 
pE2-lo-E3 contains an 81 bp insert generated by PCR with the 
complementary primers E2-10 and E3-10, cloned in the Smal site of 
pBluescript KS(+). 
pcytl8-IBSl contains a 49 bp insert generated by PCR with the 
complementary primers cytl8-IBSl and cytl8-AS-IBSl, cloned in 
the Smal site of pBluescript KS(+). pcytl8-IBSl-IBS2 is identical to 
pcytl8-IBSl, but contains a 56 bp insert generated via PCR with the 
complementary primers cytl8-IBSl-IBS2 and cytl8-AS-IBSl. 
Preparation of DNA Substrates 
The standard E2-E3 substrate for DNA endonuclease and reverse 
splicing reactions was a gel-purified 142 bp DNA that contains exons 
2 and 3 from the recipient Gil-0 COX7 allele. The substrate was gener- 
ated from pE2E3 by PCR with primers KS and SK (Zimmerly et al., 
1995). To prepare internally labeled substrate, PCR was carried out 
in 25 ~1 of reaction medium containing 1 ng plasmid, 100 ng of each 
primer, 50 trCi [a-32P]dTTP (3,000 Cilmmol; DuPont-New England Nu- 
clear), 30 uM dTTP, 200 FM each of dATP, dCTP, and dGTP and 2.5 
U of Taq DNA polymerase (Life Technologies). For the experiment of 
Figure 1, a similar 141 bp internally labeled E2-E3 substrate was 
synthesized from pE2E3 using primers T7 and HG3 and then digested 
with Notl and Xhol priortogel purification to remove S’end heterogene- 
ity resulting from PCR. To prepare 5’ end-labeled substrates, 200 ng 
of the KS or SK primers were 5’end-labeled with phage T4 polynucleo- 
tide kinase and [Y-~~P]ATP (3,000 Ci/mmol; DuPont-New England Nu- 
clear) (Sambrook et al., 1989) and PCR was as above in 100 ~1 of 
reaction medium with 4 ng of plasmid template, 200 ng of 5’ end- 
labeled primer and 300 ng of unlabeled primer. To prepare 3’ end- 
labeled substrates, 1.25 ug of PCR product generated from pE2E3 
with primers FOR and KS was digested with Notl or EcoRI, and the 
recessed 3’ends were filled in with [a-32P]dCTP or [@P]dlTP, respec- 
tively, using Klenow DNA polymerase (Life Technologies) (Sambrook 
et al., 1989). To ensure that only the desired B’end was radiolabeled, 
the opposite end was digested with EcoRl or BamHI. 
For the experiment of Figure 4, the double-stranded DNA substrate 
was an internally labeled 71 bp molecule synthesized from pE2E3 by 
PCR with primers E2-Gll-0 and E3-Gil-0. The single-stranded DNA 
was the 71-mer E2-E3, which is identical to the sense strand of the 
double-stranded DNA substrate. The 71-mer was 3’ end-labeled with 
[@P]dTTP using terminal transferase (Life Technologies). The RNA 
substrate was a gel-purified, 142 nt in vitro transcript containing the 
same E2-E3 sequence flanked by vector sequences. The transcript 
was synthesized with phage T7 RNA polymerase from EcoRV- 
linearized pE2E3 in reaction medium containing 40 t&i [a-32P]UTP 
(3,000 Cilmmol; DuPont-New England Nuclear), 30 FM UTP, and 200 
PM ATP, CTP, and GTP (Sambrook et al., 1989). 
Modified DNA substrates diagrammed in Figure 5 were prepared 
by PCR using the following plasmid template and primer combinations: 
KS, pBluescript KS(+) with KS and SK; E2-al2, pJVM4 with E2-Gil-0 
and al2A7; al2-E3, pJVM4 with E3-Gil-0 and al2D6; EP-ibsl-1, 
pJVMlGl/E2-ibsl-I with E2-Gil-Oand E3-GII-O;cytl8-1851, pcytl8- 
IBSl with KS and SK; cyt18-IBSI-IBS2, pcytl8-IBSl-IBS2 with KS 
and SK; AE3, pJVMlGlIAE3 with E2-Gil-0 and al3-62; E2E3+10, pE2- 
lo-E3 with KS and SK; and AE2, pJVMl611AE2 with El JY and al3-62. 
DNA Endonuclease Assays 
DNA endonuclease assays were essentially as described (Zimmerly 
et al., 1995). 250 fmol (300,000 cpm) of 5’end-labeled DNA substrate 
or 31 fmol (130,000 cpm) of internally labeled DNA substrate were 
incubated with 0.025 ODzso units of mtRNP particles in 10 td of reaction 
medium containing 100 mM KCI, 20 mM MgCI,, 50 mM Tris-HCI (pH 
7.5) and 5 mM DTT. Reactions were initiated by addition of mtRNP 
particles, incubated for 20 min at 37”C, and terminated by extraction 
with phenol-chloroform-isoamyl alcohol (phenol-CIA; 25:24:1) fol- 
lowed by ethanol precipitation in the presence of 2 kg of salmon sperm 
DNA (Sigma) or 5 ug of linear acrylamide carrier. Cleavage products 
were analyzed in a 6% polyacrylamide, 8 M urea gel, which was dried 
and autoradiographed. 
Reverse Splicing Reactions with mtRNP Particles 
Unless specified otherwise, reverse splicing reactions were carried 
out under the same conditions as DNA endonuclease assays, using 
0.025 ODzeO units of mtRNP particles and 150,000 cpm (- 125 fmol) 
internally labeled DNA substrate. Products were extracted with phe- 
nol-CIA and ethanol precipitated in the presence of 5 trg of E. coli 
tRNA (Sigma) carrier, and then denatured with glyoxal and analyzed 
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in a 1% agarose gel containing 10 mM sodium phosphate (pH 7.0) 
(Sambrook et al., 1989). Products were visualized by autoradiography 
of the dried gel and quantitated with a Molecular Dynamics phos- 
phorimager. Size markers were glyoxalated EcoRI-Hindlll fragments 
of phage 1 DNA. In some experiments, products were incubated with 
nucleases or alkali, using conditions described previously (Zimmerly 
et al., 1995). 
RNA Self-Catalyzed Reactions of al2 
RNA self-catalyzed reverse splicing reactions in Figure 4 were carried 
out with RNA isolated from mtRNP particles by phenol-CIA extraction 
or protease K treatment (0.175 OD250 units of mtRNP particles incu- 
bated with 1 ug of protease K [Sigma] in 14 ul of 25 mM Tris-HCI [pH 
7.51, 50 mM KCI, 10 mM MgC&, 2.5 mM DTT for 10 min at 37%). For 
reverse splicing, RNA recovered from 0.025 ODzw units of mtRNP 
particles was incubated with 75 fmol of 32P-labeled DNA or RNA sub- 
strate in 10 ul of the standard reaction medium (see above) for 20 min 
at 37OC or in the same reaction medium supplemented to 100 mM 
MgCI, for 1 hr at 37%. 
Forward splicing reactions were carried out with in vitro transcripts 
synthesized from pJVM4or pSZD1 digested with BstEll. The reactions 
were in 40 mM Tris-HCI (pH 7.5), 100 mM MgCI,, 1 M NH&I at 45% 
for 1 hr, as described for yeast all (Hebbar et al., 1992). Gel-purified 
intron lariat (380 fmol) spliced from the pSZDl/BstEll transcript was 
also used for reverse splicing. 
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Note Added in Proof 
We confirmed by RT-PCR that a small proportion of al2 undergoes 
complete reverse splicing, resulting in integration of linear intron RNA 
into the double-stranded DNA substrate. 
